Biological bilayer membranes typically contain varying amounts of lamellar and nonlamellar lipids. Lamellar lipids, such as dioleoylphosphatidylcholine (DOPC), are defined by their tendency to form the lamellar phase, ubiquitous in biology. Nonlamellar lipids, such as dioleoylphosphatidylethanolamine (DOPE), prefer instead to form nonlamellar phases, which are mostly nonbiological. However, nonlamellar lipids mix with lamellar lipids in biomembrane structures that remain overall lamellar. Importantly, changes in the lamellar vs nonlamellar lipid composition are believed to affect membrane function and modulate membrane proteins. In this work, we employ atomistic molecular dynamics simulations to quantify how a range of bilayer properties are altered by variations in the lamellar vs nonlamellar lipid composition. Specifically, we simulate five DOPC/ DOPE bilayers at mixing ratios of 1/0, 3/1, 1/1, 1/3, and 0/1. We examine properties including lipid area and bilayer thickness, as well as the transmembrane profiles of electron density, lateral pressure, electric field, and dipole potential. While the bilayer structure is only marginally altered by lipid composition changes, dramatic effects are observed for the lateral pressure, electric field, and dipole potential profiles. Possible implications for membrane function are discussed.
■ INTRODUCTION
The lipid bilayer plays many key structural and functional roles within biological membranes. 1 For example, it envelops cells, compartmentalizes the intracellular space, and acts as a selective barrier to permeation. The lipid bilayer also supports, and interacts with, numerous proteins. A detailed understanding of the properties of lipid bilayers is therefore central to biology, and is also relevant to many applications in the medical and pharmaceutical fields, ranging from biosensors 2,3 to drug design and delivery. 4−6 Unfortunately, the current knowledge on lipid membranes is limited, especially with respect to molecular-level properties and phenomena. Membrane properties can exhibit significant variations as a function of depth inside the bilayer, yet measuring experimentally such variations can be extremely difficult, because of the membrane's very small thickness (∼5 nm) compounded by high heterogeneity, disorder, and fluidity. A different, complementary approach to experimental investigation is represented by molecular dynamics (MD) computer simulation. In particular, MD has proved to be a powerful tool to study many aspects of biological membranes at the nanoscale. 7−11 In this work, we apply atomistic MD simulations to investigate a fundamental yet elusive area of membrane research, that is, the effect of lipid composition changes on membrane physical properties. More specifically, we focus on the effect of changes in the content of lamellar vs nonlamellar lipids. It is well-known that biological membranes are composed of a wide variety of lipid species, whose relative amounts are dynamically regulated. 1 The most prevalent lipid type observed in biological membranes is represented by glycerophospholipids, which can be further categorized into the lamellar or nonlamellar subtypes according to their inherent phase behavior. Dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylethanolamine (DOPE) are two typical representatives of the lamellar and nonlamellar lipid families, respectively. Between DOPC and DOPE, there is a small yet crucial structural difference in the head groups, as illustrated in Figure 1a . Specifically, PC lipids comprise a choline group, characterized by three terminal methyl (CH 3 ) groups, whereas PE lipids comprise a smaller amine group (where hydrogen atoms replace the choline methyl groups of PC). Importantly, DOPC and DOPE exhibit substantially different phase behaviors. DOPC lipids preferentially self-assemble into the lamellar phase, which is the predominant phase observed in real biological membrane. By comparison, if DOPE lipids are dispersed in water at biological conditions, a nonlamellar (inverse hexagonal) phase will be formed, in which water aggregates in columns lined by the lipid headgroups. 13 Despite such intrinsic tendency toward a phase that is mostly nonbiological, DOPE and other nonlamellar lipids are widespread in real biomembranes, where they mix with lamellar lipids to form phases which, importantly, are overall lamellar. It may then be asked what is the role of nonlamellar lipids in vivo, and whether their frustrated desire to transition from lamellar to nonlamellar phases has any effects. A first intuitive explanation is that nonlamellar lipids are involved in membrane processes that require local nonlamellar structures (e.g., pores) to be formed, such as in cellular budding, fission or fusion. 1, 14 An additional hypothesis, less intuitive but potentially of great importance, points to the changes that nonlamellar lipids may induce on some key bilayer properties which will in turn control the behavior of the membrane and of any inclusions such as proteins. 1,14−16 A significant and growing number of experimental studies have indeed provided evidence on how variations in the lamellar vs nonlamellar membrane lipid composition can control biological functions, such as protein folding, 17 lipid biosynthesis, 18 protein channel conductance 19 and gating. 15 However, a quantitative understanding of the mechanisms involved is hindered by experimental difficulties in accessing the relevant molecular-scale properties.
In this study, we perform atomistic molecular dynamics simulations to quantify relevant bilayer properties for mixed DOPC/DOPE systems at different relative compositions. In each bilayer studied, both leaflets contain the same amount of DOPC and DOPE lipids, that is, the lipid distribution is symmetric. It should be noted that lipid membranes in vivo can exhibit asymmetry of the lipid distribution across leaflets, and such asymmetry could have significant effects on the membrane's mechanical 20 and electrostatic properties. 21 However, in this work the focus is exclusively on symmetric bilayers. We first consider basic membrane structural quantities, including lipid area, lipid volume, membrane thickness and electron density. These fundamental membrane properties have been previously investigated by experiments and other simulations, especially for pure DOPC bilayers. However, much fewer data have been previously reported regarding mixed DOPC/DOPE bilayers; in particular, to our knowledge, no previous all-atom simulation of mixed DOPC/DOPE bilayers has been reported. We will then focus on the transmembrane profiles of lateral pressure, dipole potential, and electric field; these properties are expected to vary significantly according to the position (depth) inside the membrane, and are hypothesized to play crucial roles in numerous membrane functions.
An inhomogeneous internal distribution of lateral pressure (or stress) can be predicted theoretically considering the different interactions that are expected to exist at different depths inside the lipid membrane. 22 Experimentally, it has been possible to use molecular probes to detect intramembrane pressure changes. 23 However, the results obtained are qualitative and limited to parts of the hydrocarbon chain region. Moreover, the probes used are relatively bulky, and can induce perturbations in the membrane as well as artifacts in the measurements. 23, 24 Despite current experimental limitations, theoretical considerations and data from molecular models indicate that the lateral pressure profile is characterized by depth-dependent pressure variations of the order of hundreds of atmospheres. 22, 24, 25 Considerably large forces therefore act on proteins embedded in the membrane, as well as permeating molecules, and various hypotheses have been formulated . Colors highlight hydrocarbon tails (cyan), glycerol−ester groups (gray), phosphate groups (red), choline (green) and ethanolamine (orange). (b) Representative snapshot from our simulation of the mixed DOPC/DOPE (1/1 ratio) bilayer system (created using VMD 12 ). Water molecules are depicted using a line representation, with oxygen and hydrogen colored red and white, respectively. Lipid molecules are represented using solid spheres, with molecular groups colored consistently with panel a.
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Article regarding possible biological implications. 1, 5, 14, 15, 26 For example, specific changes in the membrane lateral pressure may underpin the mechanism of general anesthesia by driving ion channels that conduct neural signals into closed states. 27 A key factor that determines the shape and magnitude of the lateral pressure profile is represented by the specific composition of the lipid bilayer. Importantly, small changes in the lipid composition can induce large variations in the pressure profile. 26 Previous simulation studies have focused on the effects of including cholesterol 28 or changing unsaturation levels. 29 Regarding the effect of systematic composition changes within lamellar/nonlamellar lipid mixtures, previous results have been obtained only from simulation of a simple coarsegrained model. 30 Recently, Perrin et al. 31 reported the pressure profile for a single composition (1/1) of a POPG (lamellar)/ POPE (nonlamellar) lipid mixture by employing the atomistic CHARMM36 lipid force field (as in our study). As far as we are aware, no previous atomistic MD study has been reported on pressure profiles from a range of compositions of lamellarnonlamellar mixed bilayers.
The dipole potential is an intramembrane electrostatic potential which originates from the preferential alignment of interfacial water dipoles and dipolar segments of the lipid molecules. An accurate measurement of the dipole potential would require nanoscale electrodes placed at different depths inside the bilayer; such an experiment has not been previously conducted, and has even been considered to be practically impossible. 32 However, it has been possible to estimate the overall potential difference between the bilayer center and the outer water phase through indirect experimental measurements. In a seminal study on ion transport, the transbilayer conductivity of two fat-soluble ions with similar sizes were observed to be significantly different, with the permeability of the negative ion (TPB − ) being 10 5 times higher than that of the positive ion (TPP + ); this difference was ascribed to a positive electrostatic potential within the membrane. 33 Subsequent studies, using various methods, confirmed the existence of such an electrical potential and estimated its magnitude to be several hundreds mV. 32, 34 It is important to point out that the dipole potential drops over a very short distance, corresponding to only 2−3 nm (which is the approximate thickness of each of the monolayers in a bilayer). Therefore, the corresponding electric field (which is the spatial derivative of the potential) can reach extremely large values, predicted to be in the range 10 7 −10 9 V/m. As a result, many electrostatically sensitive phenomena, such as the binding and permeation of charged or polar molecules, and the behavior of peptides and proteins, can be significantly affected by changes in the dipole potential. 32, 34 Previous studies have considered the effect of lipid composition changes on the dipole potential by focusing on the headgroup type, 35 ether or ester linkage type, 36 and double bonds in the chain region. 37 Regarding lamellar/nonlamellar systems, previous investigations include a few experiments, 35, 38, 39 a coarse-grained simulation study, 30 but no atomistic simulations.
In the remainder of this paper, we report on a series of allatom MD simulations aimed at quantifying the effects of changes in the lamellar vs nonlamellar lipid content on membrane physical properties. It will be shown that the bilayer structure is relatively constant across the different systems, while the lateral pressure, dipole potential, and electric field profiles exhibit high sensitivity to composition. ■ METHODS Bilayer Systems. Five bilayer systems were considered, comprising two pure DOPC and DOPE systems, and three mixed systems of varying DOPC/DOPE composition ratio. Table 1 details the composition of each system, and a snapshot from a simulation of a representative mixed bilayer is shown in Figure 1b . All systems were fully hydrated with 4300 water molecules (water/lipid ratio ∼33.6). 40 It should be noted that under the studied conditions the pure DOPE system experimentally forms a nonlamellar (inverse hexagonal) phase. 13 However, in our simulation the preassembled bilayer system maintains a lamellar structure, most likely because of the relatively small system size and the constraints imposed by the periodic boundary condition. While the simulated lamellar DOPE bilayer is thus rather artifactual, it will prove useful for providing a more complete and systematic data set, and to corroborate any observed composition-dependent trend. In fact, atomistic simulations of pure lamellar DOPE bilayers have also been used previously. 41−43 It is nonetheless of interest to investigate whether the CHARMM36 force field can indeed predict the correct DOPE phase when the constraints of a preassembled system are removed. To this end, we have conducted a self-assembly test starting from a random solution of DOPE lipids and water, and we have been able to observe the formation of an inverse hexagonal phase, in agreement with the known experimental behavior. Full details of these simulations are reported in the Supporting Information.
Simulation Details. The starting structures of the bilayers were built using Packmol. 44 Regarding the force field parameters, the CHARMM36 all-atom lipid force field 45 and the CHARMM TIP3P (TIPS3P) water model 46,47 were adopted. Molecular dynamics simulations were carried out using the LAMMPS program (version 11 Nov 2013). 48, 49 Simulation input files were generated using the charmm2lammps.pl tool available in the LAMMPS distribution and the psfgen plugin of VMD. 12 The initial structures were energy minimized to remove potentially problematic close contacts between atoms. Each system was then simulated for a total of 1 μs. The temperature was controlled at 303 K by applying the Langevin thermostat 50 with a collision frequency of 1 ps −1 . The barostat by Berendsen et al. 51 was used to maintain the system pressure at 1 atm, with a damping time of 1 ps and an isothermal compressibility of 4.6 × 10 −5 atm −1 . The pressure was controlled semi-isotropically; that is, the z-component (perpendicular to the bilayer plane) of the pressure tensor was controlled independently from the other two (coupled) components along the x-and y-axes (parallel to the bilayer plane). Periodic boundary conditions were applied in all 3 dimensions. The SHAKE algorithm was applied, with a relative The Journal of Physical Chemistry B Article tolerance of 10 −5 , to constrain all the bonds involving hydrogen atoms, as well as the H−O−H angle in water. The integration time step was 2 fs. At every step, the net momentum of the mass center of the entire system was removed to prevent any drifting. 52 Nonbonded Lennard-Jones interactions were cut off beyond 10 Å, and the standard switching function in CHARMM was applied from 8 to 10 Å. 53 Electrostatic interactions were computed using the PPPM (particle−particle particle-mesh) method, 54 with a relative error tolerance of 10 −5 , and a real space cutoff of 10 Å. 55 Intramolecular nonbonded interactions were considered according to the CHARMM convention, that is, interactions between atoms separated by less than three bonds (so-called 1−2 and 1−3 terms) were skipped, and 1−4 interactions were weighted according to the atoms types. 53 Data Analysis Details. Data analysis was performed on the last 800 ns of each simulation, while the first 200 ns were regarded as equilibration. All targeted quantities were collected every 20 ps. Statistical uncertainties were estimated by the block averaging procedure, 56, 57 with a block size of 20 ns. Error estimation analyses are shown in the Supporting Information. The transbilayer profiles were symmetrized with respect to the bilayer center by averaging over the two monolayers; unaveraged profiles can be found in the Supporting Information. Calculation details for specific properties are described in the following sections.
Structural Properties. The area per lipid, volume per lipid and bilayer thickness were calculated following previously reported protocols. 9, 58 The average area per lipid (A L ) is defined as the cross-section area of the whole system along the bilayer surface plane (xy-plane) divided by the number of lipids in each monolayer (64 in our systems). The average volume per lipid is defined as (V box − V water )/N L , where V box is the volume of the whole simulation box, V water is the volume occupied by the water molecules, and N L = 128 is the total number of lipids in our systems. The bilayer thickness d HH is obtained from the peak to peak distance in the electron density profile.
Lateral Pressure Profile. To calculate the lateral pressure (or stress) distribution across the bilayer, the simulation box was 73 and d HH 42, 71, 74 ). Note that not all the literature values were obtained at the same temperature as for this work (303 K), but they are still in a comparable range (275−318 K), consistent with a fluid phase for the lipids considered.
The Journal of Physical Chemistry B Article first discretized into thin slabs parallel to the xy plane. The thickness of each slab was set to 1 Å. For a slab centered at depth z, the lateral pressure profile Π(z) is defined as 24, 30 (1) where P xx (z), P yy (z), and P zz (z) are the diagonal elements of the pressure tensor. Owing to the symmetry of the system with respect to the direction normal to the bilayer, the tangential pressures are expected to converge to identical values, that is, P xx (z) = P yy (z), hence only either of the two is strictly needed for the calculation. However, in practice, both of them were calculated and the average of the two was used, thus improving the calculation precision. The normal component P zz (z) was assumed constant and equal to the external pressure (P zz (z) = 1 atm) for all slabs; this condition, required by mechanical equilibrium, 59 is also consistent with previous work. 30, 41 The contributions to the pressure in each slab from the various interactions were accumulated following the approach by Harasima, 60 as in previous work. 30, 61 Dipole Potential and Electric Field Profiles. The dipole potential profile Ψ(z) was calculated from the charge density distribution ρ(z) along the direction normal to the bilayer plane. To obtain ρ(z), the systems were again subdivided into 1 Å thick slabs, and the atomic (partial) charges were accumulated and averaged in each slab. The relation between Ψ(z) and ρ(z) is defined by Poisson's equation:
so the dipole potential can be calculated as 36, 55, 61 ∫ ∫
where the constant ε 0 is the electrostatic permittivity in vacuum, and z 0 is the reference position where the potential is set to zero, which in our calculations corresponds to the center of the water region. The electric field E(z) projected on the z direction can be obtained as the negative of the spatial derivative of the dipole potential, i.e., E(z) = −dΨ(z)/dz. It can be seen from Figure 2a that the area per lipid A L decreases with the presence of increasing amounts of DOPE; this trend is intuitive considering the smaller size of the DOPE headgroup with respect to DOPC (see also Figure 1a ). However, it is important to note that, quantitatively, the effect is rather small. In fact, the net reduction in A L from comparing the extreme cases of pure DOPC to pure DOPE is only ∼9%. Figure 2a also shows that our results fall within the range of the various data previously reported in the literature.
Regarding the lipid volume V L , our results again show a decreasing trend in response to increasing the DOPE content ( Figure 2b) . The actual differences between the different systems are however very small, with a maximum volume decrease of ∼5% when comparing the pure DOPC and DOPE systems. Figure 2b also shows that our value for pure DOPC is marginally smaller (to within 1%) than the available literature data, while there is an almost exact match with experiments for pure DOPE.
The data obtained for the bilayer thickness d HH are displayed in Figure 2c . It can be seen that d HH systematically increases with addition of DOPE. Quantitatively, however, the changes in thickness corresponding to composition changes are very small, consistently with previous observations for A L and V L . In fact, the difference between the pure DOPC and DOPE systems is only ∼5%. A comparison with literature data highlights that all the CHARMM36 simulation results (including ours) overestimate the experimental measurements for the only two systems for which d HH has been previously reported, i.e., pure DOPC and DOPE.
To characterize the relation between changes in the structural properties and corresponding changes in lipid composition, we performed a least-squares fitting analysis of the data from this work reported in Figure 2 . The results obtained indicate that the change in the lipid volume follows a linear relation with a high level of significance, while for lipid area and bilayer thickness the relations are best described by quadratic functions, although the level of significance is somewhat low (detailed results of the fitting calculations can be found in the Supporting Information).
While the linearity of the lipid volume changes is intuitive, the nonlinearity for lipid area and thickness is not. However, the origin of such nonlinear behavior is unclear. In a previous investigation, de Vries et al. 75 obtained a trend similar to ours for the A L change with DOPC/DOPE composition, and they attributed this to the combined effect from headgroup size difference, electrostatic interactions, and hydrogen-bonding capability. However, it must be noted that the atomistic model used in that study 75 was supplemented with a repulsive potential between the H atoms of the PE amine group and all other atoms, and it is not clear how this ad hoc modification may have influenced the trend reported.
Overall, experimental evidence on the effect of systematic composition changes appears necessary to validate the findings from simulations; unfortunately, however, measurements reported to date are rather scattered, as it can be seen from Figure 2 .
The electron density profiles are shown in Figure 3 . As expected from the previously reported structural results, the electron densities are characterized by very minor differences across the different compositions. In particular, with increasing DOPE content the peaks in the headgroup region shift slightly out toward the water phase (consistently with the previously observed increase in d HH ), by a maximum of 0.1 nm when comparing pure DOPC and DOPE. The peak magnitudes are effectively unchanged across the different systems, while the central minimum decreases marginally, by at most ∼0.01 e nm −3 when comparing pure DOPC to DOPE.
Lateral Pressure Profile. The lateral pressure profiles Π(z) for the bilayer systems investigated are shown in Figure 4 . In general, it can be noted that all the profiles display similar overall qualitative features. Upon entering the bilayer from the outer water phase, the lateral pressure rises sharply and forms large positive peaks located roughly at the interface between the water and lipid heads regions. Positive values of the lateral pressure profile generally indicate repulsive forces, acting to
The Journal of Physical Chemistry B Article enlarge the area of the bilayer. At the water-heads interface, a net repulsion is obtained from intermolecular contributions of steric, electrostatic, and hydration nature. 22 Upon moving deeper inside the bilayer, the lateral pressure drops drastically, forming deep troughs approximately at the interface between the lipid heads and tails regions. In general, negative pressures correspond to the presence of intermolecular attractive forces, that act to reduce the bilayer area. In fact, this location corresponds to an interface involving a hydrophobic environment (the hydrocarbon tail region) with a strong tendency to reduce and minimize its area in contact with a hydrophilic environment (comprising water and lipid heads). The lateral pressure troughs can thus be seen as a reflection of the hydrophobic effect, whereby hydrophobic molecules cluster together in order to restrict their exposure to water. In the central part of the profiles, corresponding to the hydrocarbon core of the bilayers, the lateral pressure is mostly positive, comprising three peak regions with two corresponding local minima in between. The repulsive forces giving rise to the tails pressure are typically explained in terms of entropy losses. 26 In particular, the tight molecular packing in the bilayer core forces the lipid tails to stretch (therefore losing entropy compared to isolated "free" tails), ultimately causing substantial tail−tail repulsion. 76, 77 While all the profiles are similar qualitatively, remarkable quantitative differences and trends can be observed and related to changes in the lipid composition. Regarding the peaks at the interface between the water and lipid heads regions, corresponding to a distance of about 2.5 nm from the bilayer center, a top pressure of ∼410 atm is observed for the pure DOPC system. With the presence of increasing ratios of DOPE in the mixed systems, the peak pressure systematically decreases, reaching its lowest value for the pure DOPE system, at ∼290 atm. The presence of growing amounts of DOPE also causes the main peaks to shift slightly outward, toward the water region; this correlates with the small increase in bilayer thickness noted earlier (Figures 2c and 3 ). For the two systems with highest DOPE content, i.e., DOPC/DOPE (1/3) and pure DOPE, the emergence of a pair of local peaks and troughs can also be observed in the middle of the lipid heads region. The local troughs, at 2.25 nm from the bilayer center, markedly enhance the pressure drops at the same location compared to DOPC; such drops amount to ∼350 atm for DOPC/DOPE (1/3) and ∼400 atm for pure DOPE. Regarding the main The Journal of Physical Chemistry B Article troughs, located at a distance of ∼1.7 nm from the bilayer center, it can be seen that the minima in the pressure fall in a relatively narrow range between ∼−760 and ∼−830 atm, without any systematic trend related to the DOPC/DOPE ratio. Composition-dependent effects are again apparent in the hydrocarbon tail core of the bilayers, where increasing the DOPE ratio systematically increases the lateral pressure, up to 80 atm for the central peak, and up to ∼100 atm toward the top end of the tails (at ∼1 nm from the bilayer center), when comparing pure DOPC and DOPE.
To conduct a further quantitative assessment of the effect of the lipid composition on the pressure profile, we carried out an analysis in terms of the main "integrated contributions". 14 In particular, we first subdivided the profile into three main sections ( Figure 5a ): (i) the headgroup ("hg") section corresponding to the part of the profile characterized by the positive pressure in the water and lipid heads regions; (ii) the hydrophobic ("phob") section characterized by the negative pressure corresponding to the main troughs; (iii) the chains ("ch") section corresponding to the positive pressure in the hydrocarbon tails (or chains) region. For each of these sections, we calculated the integrals of the lateral pressure profiles, as illustrated in Figure 5a . By integrating the pressure from key regions of the profiles, it is possible to capture the combined effect of peak magnitudes and peak widths, as obviously the integrals correspond to the areas under the curve for the related sections. The composition-dependent results obtained for the different bilayer systems are plotted in Figure 5b . First of all, it can be verified that, irrespective of the lipid composition, the sum over the three components is always zero, meaning that the integrals of the individual sections balance out, as required by mechanical equilibrium. Regarding the headgroup integral π hg , it can be seen that it decreases together with the presence of increasing amounts of DOPE, a trend which is consistent with the previously observed decrease in peak pressures in the same region (Figure 4 ). In particular, π hg decreases by almost 50% from the pure DOPC system to pure DOPE. The trend observed for π hg is countered by the chains integral π ch , which displays an enormous increase in relative terms, of approximately 400%, from the pure DOPC to the pure DOPE system as a result of DOPE addition. Since it has been estimated that even a 10% change in the chains pressure can induce a very large shift in the conformational equilibrium of membrane proteins, 26 our results suggest that even small shifts in the DOPC/DOPE composition can have significant biological repercussions. Incidentally, it has been proposed 14 that the relative size of the headgroup and chain contributions to the lateral pressure leads to the relation π hg /π ch ≈ 1, which is consistent with the value of 1.1 ± 0.3 from our data. The hydrophobic integral γ phob represents the interfacial tension acting at the polar−apolar interface. 14 It can be seen that the absolute value of γ phob decreases slightly with increasing DOPE ratio; in particular, we observe an overall reduction of ∼9% from pure DOPC to pure DOPE. Such a reduction in interfacial tension reflects the slight decrease in the polar− apolar interfacial area observed previously (Figure 2a) .
Dipole Potential Profile. The dipole potential profiles Ψ(z) are displayed in Figure 6 . It can be noticed that all the profiles share similar qualitative features, irrespective of the different lipid compositions. However, it is clear that there are substantial composition-dependent differences in the magnitude of the potentials. In particular, an evident trend can be observed, whereby increasing amounts of DOPE induce increasingly larger values of Ψ(z) across the entire profile. Starting from the reference value of 0 mV in the water phase, Ψ(z) rises sharply across the lipid heads region, up to peak values from 441 ± 26 mV for DOPC to 545 ± 24 mV for DOPE, with the mixed systems displaying values distributed in between. These peaks are located at ∼1.3 nm from the bilayer center, corresponding to the top part of the lipid tails, near the glycerol-ester groups. The profiles can then be observed to drop and form local minima at ∼0.8 nm from the bilayer center, a region roughly corresponding to the double bond midway along the hydrocarbon tails. In the bilayer center, the dipole potential reaches a global maximum with values ranging from 582 ± 28 mV for DOPC to 712 ± 25 mV for DOPE, corresponding to an increase of 22%.
The profile obtained for the pure DOPC bilayer is consistent with the profile reported by Warshaviak et al. 74 from simulation of DOPC with the same force field used in our work (CHARMM36), as expected. Regarding the mixed DOPC/ DOPE bilayers, we are not aware of any previous dipole potential data from either atomistic simulations or experiments. There are however some experimental studies on singlecomponent bilayers. Specifically, earlier measurements by Pickar and Benz 38 indicated values of 0.224 and 0.215 V for DOPC and DOPE bilayers, respectively. These results have been more recently amended by Schamberger and Clarke 39 to include a more accurate estimate of hydration energies, yielding updated values of 0.343 V for DOPC and 0.334 V for DOPE. 39 Regardless of the correction, both sets of data indicate a (marginally) larger potential for DOPC compared to DOPE, which is in contrast to the trend observed in our simulation results. However, more recent data by Starke-Peterkovic and Clarke 35 showed an increase in the dipole potential, from 0.410 to 0.461 V, when comparing a pure DMPC system to an equimolar mixture of DMPC and DMPE, in qualitative agreement with our results (note that DMPC/DMPE and DOPC/DOPE are characterized by differences which are small and localized in the hydrocarbon region, thus it is acceptable to make a qualitative comparison in relation to their dipole potential). In any case, it is not clear how reliable the experimental estimates are, given the well-known difficulties in measuring the dipole potential, and especially in relation to ranking different values from PC vs PE systems. In fact, all three reported PC/PE pairs of experimental values are very close to The Journal of Physical Chemistry B Article each other, with a level of uncertainty that in one case 35 has been reported to be much larger (∼0.15 V) than the actual difference in PC vs PE values (0.05 V). No uncertainty estimates were reported for the other data, 38, 39 but the differences in PC vs PE values are so small (0.009 V in both cases) that they are very much likely to be smaller than the uncertainty in the measurements.
In general, it should be noted that the experimental estimates for the dipole potential tend to be markedly lower than the simulation values. This is a well-known issue, consistently observed in previous atomistic simulations of lipid bilayers. 36,45,74,78−80 The discrepancy with respect to the experimental values has been ascribed, at least in part, to the lack of electronic polarizability in standard atomistic force fields. 80 To further investigate the molecular origin of Ψ(z), as well as the effect of changing the lamellar-nonlamellar lipid ratio, we isolated the two separate contributions to Ψ(z) from the water and lipid molecules. Results for such individual components are plotted in Figure 7 , together with the net profiles (already reported in Figure 6 ) for reference. For all systems, it can be seen that the total net potential results from a competition between much larger positive and negative contributions due to water and lipids, respectively. This is generally consistent with previously reported data from atomistic simulations of pure DOPC systems. 74, 79 In the only previously reported simulation study on DOPC/DOPE mixed bilayers, the lipid dipoles (rather than water) were the main contributors to the total potential, and composition-related trends were also different from those observed here. 30 However, that study 30 employed a coarse-grained model which treats water molecules as single point dipoles without explicit hydrogen bonding capabilities, 81, 82 and hence the preferential alignment of water in the heads region (which determines the electric field) may not be accurately reproduced. The atomistic simulations reported here allow new quantitative insights to be obtained into composition-dependent effects. Specifically, Figure 7 shows that while the water contribution determines the positive sign of the overall net profiles, their composition-dependent trend is dictated by the lipid contributions. In fact, the observed increase in the overall net dipole potential brought about by the presence of increasing amounts of DOPE is determined by the lipid relative contributions overcompensating the water contributions (which instead display decreasing potential values with increasing DOPE ratios).
Electric Field. The projection of the electric field along the direction normal to the bilayer plane is reported in Figure 8 .
Note that the curves are antisymmetrical, due to the vectorial nature of the electric field and the symmetry of the bilayer systems with respect to the central plane. Thus, field vectors pointing outward from the bilayer toward the water phase are indicated by positive values of E(z) on the right-hand side of the diagram, and by corresponding negative values, of equal magnitude and equidistant from the origin, on the left-hand side (and vice versa for inward pointing vectors). In other words, the field profiles would be symmetric if calculated with respect to the normal for each leaflet. It can be seen that the electric field magnitude reaches huge peak values, with overall maxima of up to ∼7.5 × 10 8 V/m, located near or inside the lipid heads region depending on the system. Despite the absence of direct experimental measurements for comparison, such strong electric fields are consistent with the dipole potential profile, in relation to its peak magnitudes and steep gradients. 32 In fact, the electric field strength corresponds to the spatial derivative of the dipole potential, which varies substantially over extremely small distances (see Figure 6 ). For pure DOPC, our result matches as expected a previously reported profile 74 obtained from simulations of the same force field (CHARMM36). For the mixed systems, we are not aware of any previously reported E(z) data from either simulation or experiment.
It is clear from Figure 8 that changes in the DOPC/DOPE ratio induce substantial redistributions of the electric field, especially corresponding to the lipid heads region and at the heads-tails interface. Regarding the pure DOPC bilayer, the largest peak magnitude corresponds to ∼7.5 × 10 8 V/m, and is located at the interface between the heads and tails regions as denoted on Figure 8 . Considering the DOPC/DOPE (3/1) systems, the magnitude drops by ∼0.8 × 10 8 V/m, or 11%. An even larger decrease of ∼1.1 × 10 8 V/m in the field strength can be observed by comparing the DOPC/DOPE (3/1) and DOPC/DOPE (1/1) bilayers. The magnitude of the heads-tails Figure 7 . Individual contributions of the dipole potential profile from water and lipid molecules. The total net potentials are also plotted for reference (see Figure 6 for dedicated plot). Vertical dotted lines indicate approximate boundaries between regions occupied predominantly by water, lipid heads, and hydrocarbon tails. The Journal of Physical Chemistry B Article interfacial peak decreases further until a value of ∼4.4 × 10 8 V/ m for the pure DOPE bilayer, corresponding to an overall drop of 41% compared to the pure DOPC system. Interestingly, the two systems with highest DOPE content (DOPC/DOPE (1/3) and pure DOPE) are also characterized by additional features; in particular, their points of maximum field strength correspond to extra peaks (compared to the other systems) inside the heads region. In fact, taking into account all the peaks of maximum magnitude for each of the five systems, from pure DOPC to pure DOPE, such peaks can also be interpreted as shifting outward from the bilayer interior toward the water region, by as much as 0.6 nm when comparing the pure DOPC and DOPE bilayers. The largest composition-dependent effect on the field magnitude can be observed at a distance of ∼2.3 nm from the bilayer center, where the field strength is almost zero for DOPC, while it grows dramatically for the mixed bilayers, up to ∼7 × 10 8 V/m for DOPE. Overall, such E(z) changes are expected to have significant effects on any charged or polar molecule interacting with the bilayer (e.g., permeants), as well as embedded peptides and proteins. Specifically, it was estimated that a change in field magnitude of ∼2 × 10 8 V/m can already induce substantial shifts in protein conformational equilibria. 74 Charged protein residues are predicted to be especially sensitive, but also uncharged residues will be affected through interactions with the large dipole (3.5 D) that characterizes the peptide bond.
In the hydrocarbon tails core, the composition-dependent changes in E(z) are more limited, as intuitively expected considering that there are no chemical differences between DOPC and DOPE tails. However, some effects can still be noted. In particular, the innermost peaks, located at ∼0.4 nm from the bilayer center, show increasing magnitudes with addition of DOPE, up to 0.5 × 10 8 V/m when comparing pure DOPC with pure DOPE. Regarding the peaks at ∼1 nm from the bilayer center, a slight increase (up to 0.25 × 10 8 V/m) in magnitude is accompanied by a small shift outward (up to ∼0.1 nm) upon DOPE addition.
To further assess the biological relevance of the results obtained, it is useful to compare them to the electric fields corresponding to two other membrane-related potentials, i.e., the transmembrane potential and the surface potential, for which more knowledge exists compared to the dipole potential, because they are comparatively easier to study experimentally. 32 The transmembrane potential arises from the different ion concentrations typically present between the inner and outer sides of biological membranes, and underlies the opening and closing of ion channels that control the transmission of electrical signals along neurons and muscle cells. The surface potential arises from charged lipid headgroups and polar molecules accumulating at the membrane surface, and controls the ion distribution at the cell surface. The electric field magnitudes related to the transmembrane and surface potentials have been estimated to be, respectively, ∼0.25 × 10 8 V/m and ∼0.1 × 10 8 V/m. 83 Considering that these field strengths are known to be responsible for significant biological activity, the composition-dependent effects for the dipole potential highlighted here, especially around the heads region, can be expected to also have major biological consequences. In fact, even the smaller DOPC/DOPE composition-dependent effects on E(z) that we observed in the tails region are of comparable size to the field magnitudes from the transmembrane and surface potentials.
To further analyze the electric field, we also calculated the separate contributions from the water and lipid molecules, respectively (Figure 9 ). By comparing parts a and b of Figure 9 , it can be noticed in general that the water and lipid profiles display extremely large and mostly opposing field strengths, whose main peaks are all centered inside the lipid heads region. The water contribution shows a negative peak on the left-hand side of the profile, and an antisymmetric positive peak on the right-hand side. These peaks originate from a preferential orientation of the water molecular dipoles, whereby the positive ends (H atoms) tend to point toward the bilayer center, while the negative ends (O atoms) tend to point away from the membrane and toward the bulk water phase. The water electric field is countered by that originating in the lipid molecules; specifically, the lipid headgroup dipoles preferentially point away from the membrane and toward the outer water phase. Inside the hydrocarbon tails region, from −1 to +1 nm about the bilayer center, the water contribution is zero, due to the absence of water in the hydrocarbon core. The lipid profile exhibits instead shallow peaks (evidently much smaller in magnitude than those in the heads region), arising from the preferential orientation of dipolar molecular segments along the hydrocarbon tails. In terms of the influence of changes in the lamellar/nonlamellar lipid composition, the presence of increasing amounts of DOPE induces increasing attenuations Figure 9 . Separated contributions of the electric field from water (a) and lipid molecules (b). Vertical dotted lines indicate approximate boundaries between regions occupied predominantly by water, lipid heads, and hydrocarbon tails.
Article of the magnitude of the peak strength in the heads region, for both the water (Figure 9a ) and lipids (Figure 9b ) profiles. By comparing the individual profiles with the total E(z) curve (Figure 8) , it is clear that the net electric field originates from a nontrivial interplay between the separate contributions from the lipid and water molecules, with large cancellations of enormous opposing field strengths. In fact, the E(z) range for the individual contributions is −60 × 10 8 to +60 × 10 8 V/m, which is an order of magnitude larger than the range of values observed for the net profiles.
■ CONCLUSIONS
This study presented a computational investigation into how a number of physical properties of lipid bilayer membranes are affected by changes in the lipid composition. Specifically, we conducted atomistic molecular dynamics simulations of bilayer systems containing the lamellar lipid DOPC and the nonlamellar lipid DOPE in varying proportions. We investigated basic structural properties, as well as depth-dependent distributions of internal pressure, dipole potential, and electric field.
For most of the properties studied, we observed changes proportionally related to the changes in the lipid composition, as intuitively expected. However, the actual amount of change in the physical properties was shown to depend dramatically on the specific properties under investigation. In particular, while structural properties varied only marginally across the different systems, substantial composition-dependent changes were observed for the lateral pressure, dipole potential, and electric field profiles. Increasing the concentration of DOPE was shown to induce a transfer of pressure from the lipid headgroups to the inner hydrocarbon core. Specifically, we observed a decrease in integrated contributions by up to 50% in the headgroup region and an increase by up to 400% in the hydrocarbon tail region, when comparing pure DOPC and DOPE systems. The dipole potential profile across the whole membrane was enhanced by the addition of DOPE, with increases of over 20% for the pure DOPE system compared to pure DOPC. Regarding the electric field, composition changes brought about nontrivial effects in a number of features, including a shift of the main peaks by 0.6 nm toward the outside of the bilayer, as well as a drop of 41% in strength at the heads-tails interface.
In summary, we have shown quantitatively that changes in the lamellar vs nonlamellar lipid composition amplify mechanical and electrical signals without significantly altering structural features. The predicted effects on lateral pressure, dipole potential, and electric field profiles are expected to be large enough to affect a range of biological phenomena, including membrane permeation and binding, as well as conformational changes within membrane proteins. 
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